It has been a long-standing question in solar physics how magnetic field structure changes with eruptive events (e.g., flares and coronal mass ejections). In this Letter, we present the eruption-associated changes in the magnetic inclination angle, the horizontal component of magnetic field vectors, and the Lorentz force. The analysis is based on the observation of the X3.4 flare on 2006 December 13 and in comparison to the numerical simulation of Fan. Both observation and simulation show that (1) the magnetic inclination angle in the decayed peripheral penumbra increases, while that in the central area close to the flaring polarity inversion line (PIL) deceases after the flare; (2) the horizontal component of magnetic field increases at the lower altitude near the flaring PIL after the flare. The result suggests that the field lines at the flaring neutral line turn to more horizontal near the surface, that is in agreement with the prediction of Hudson et al.
INTRODUCTION
Solar eruptions, including flares, filament eruptions, and coronal mass ejections (CMEs) have been understood as the result of magnetic reconnection in the solar corona (e.g., Kopp & Pneuman 1976; Antiochos et al. 1999) . Although surface magnetic field evolution (such as new flux emergence and shear motion) plays important roles in building energy and triggering eruption, most models of flares and CMEs have assumed rigid anchoring of magnetic fields at the photosphere, which implies that the normal magnetic field on the photosphere does not change during the eruption. The key reason behind this assumption is that the photosphere has a much higher density and gas pressure than the corona. Recently, we note the work by Hudson et al. (2008) , who quantitatively assessed the back reaction on the solar surface and interior resulting from the coronal field evolution required to release energy, and made the prediction that after flares, the photospheric magnetic fields become more horizontal. Their analysis is based on the simple principle that any change of magnetic energy must lead to a corresponding change in magnetic pressure.
From the observational side, various properties of photospheric magnetic field changes associated with large flares have been studied. For instance, magnetic shear angle has been observed to increase after major flares (Wang et al. 1994) . With the vector magnetogram from Hinode (Kosugi et al. 2007 ) and the advanced Nonlinear Force Free (NLFF) field modeling techniques (Wiegelmann 2008) , Jing et al. (2008) investigated the altitude variation of magnetic shear associated with the X3.4 flare of 2006 December 13. It was shown that magnetic shear increased after the flare below ∼8 Mm and decreased from that height to ∼70 Mm. With Big Bear Solar Observatory (BBSO) and Michelson Doppler Imager (MDI) magnetograms, Wang et al. (2002) investigated the magnetic flux which shows an increase in the leading polarity and a decrease of smaller magnitude in the following polarity. Kosovichev & Zharkova (2001) , Sudol & Harvey (2005) , and Petrie & Sudol (2010) also provided comprehensive evidence of flare-related magnetic field changes. In particular, Sudol & Harvey (2005) conducted a survey of 15 X-class flares, and found that abrupt and persistent changes in the photospheric longitudinal magnetic fields are common features associated with X-class flares. At least twothirds of these field changes occurred in the penumbral regions of sunspots. Furthermore, recent white-light (WL) observations demonstrated a consistent pattern of changes in sunspot structures: part of the penumbral segments in the outer δ spot vanish rapidly after flares, and meanwhile, the umbral cores and/or inner penumbral regions are darkened (Wang et al. 2004; Deng et al. 2005; Liu et al. 2005; Chen et al. 2007 ). Wang & Liu (2010) synthesized many aspects of observations and concluded that magnetic field lines near the flaring polarity inversion line (PIL) turn to a more horizontal direction, in agreement with the prediction of Hudson et al. (2008) .
To understand the flare-associated magnetic changes observed at the photosphere level as reported above, it is crucial to have a complete picture of the three-dimensional (3D) structure of the magnetic fields and their evolution associated with flares. Although the coronal imaging contributes to the solution of this problem to a certain degree, it lacks the crucial quantitative magnetic measurements. At present NLFF magnetic field extrapolations and numerical simulations are critical to quantitatively study the 3D structure of magnetic fields and their evolution.
Furthermore, it is extremely important that the observations and models can be compared quantitatively in the context of evolution of 3D magnetic fields. In this Letter, the comparison will be explored using the recent work of Fan (2010) , which presents 3D MHD simulations of the evolution of the magnetic field in the corona where the emergence of a twisted magnetic flux tube is driven (kinematically) at the lower boundary into a pre-existing coronal potential arcade field. This approach is based on the idea that a twisted magnetic flux rope containing helical field lines is an appealing candidate for the basic underlying magnetic field structure for CME precursors (e.g., Gibson & Fan 2006) , and that such a coronal flux rope can form as a result of active region flux emergence from the interior (e.g., Lites et al. 1995) .
DATA SETS AND MODEL DESCRIPTION
The data for this study consist of magnetograph observations covering the 4B/X3.4 flare occurred in NOAA Active Region 10930 on 2006 December 13 and the numerical simulation represented an eruption in the solar corona in a spherical domain (Fan 2010 . The pixel resolution of the magnetograms is 0. 16 pixel −1 . Combined with the corresponding G-band (430 nm) data obtained with the Broadband Filter Imager (BFI) of SOT with a spatial resolution of ∼0. 2 and temporal resolution of 2 minutes, we identified the decayed and the enhanced regions of the spot. The 180
• ambiguity in vector magnetograms was resolved with the "minimum energy" method (Metcalf 1994) . Since the active region is not located at the center of solar disk, the projection effect was corrected with coordinate transformations. Next, to be consistent with the force-free assumption, the photospheric vector magnetograms were preprocessed with a preprocessing scheme developed by Wiegelmann et al. (2006) . Then these preprocessed vector magnetograms were used as the boundary conditions to extrapolate the coronal magnetic fields before and after the flare. The 3D NLFF fields and the potential fields are computed with the "weighted optimization" method (Wheatland et al. 2000; Wiegelmann 2004 ) and a Green's function method (Metcalf et al. 2008) , respectively.
It is worth mentioning that the quality of the extrapolated NLFF fields is impacted by a number of inadequacies of the boundary data and uncertainties in the data reduction and NLFF field modeling process, e.g., the non-force-free nature of photospheric magnetic fields, the field-of-view (FOV) issue of vector magnetograms, and the physical/mathematical problems relating to the NLFF field modeling algorithm, etc (Schrijver et al. 2006; Metcalf et al. 2008; Schrijver et al. 2008; De Rosa et al. 2009 ). In particular, De Rosa et al. (2009) made a critical assessment of different NLFF field models and concluded that NLFF field models are lack of operational readiness when applied to real solar data. In spite of the limitations of NLFF field models, the eruption-associated changes in the 3D NLFF fields is a worthwhile study.
The MHD numerical simulation used for comparison was constructed by Fan (2010) . The detailed magnetic field structure was obtained by solving the following isothermal MHD equations in a spherical domain representing the solar corona, given by r ∈ [R , 5.496R ], θ ∈ [5π/12, 7π/12], φ ∈ [−π/9.6, π/9.6] (Fan 2010):
where v, B, ρ, p, a s , G, M denote, respectively, the velocity field, the magnetic field, the density, the pressure, the isothermal sound speed, the gravitational constant, and the mass of the Sun. The simulated domain has been resolved by a 432 × 192 × 240 grid, which is uniform in the θ and φ directions, but non-uniform along the radial direction with a finer step size in the range from r = R s to r = 1.788R s of dr = 0.0027271R s . The initial state of this simulation is assumed to contain a pre-existing potential arcade field in a hydrostatic isothermal atmosphere domain, which considered as the flare site. The emergence of a twisted and arched flux tube is imposed at the lower boundary with an upward advection velocity v 0 (small compared to the Alfvén speed) in the area where the emerging tube intersects the lower boundary. After the emergence is stopped, a quasi-equilibrium of coronal flux rope with an underlying sigmoid shaped current sheet is established immediately. Subsequently, the flux rope continues to buildup due to reconnections in the current sheet and the ejective eruption is triggered when the flux rope exceeds a critical height. In this study, we concentrate on the evolution of the magnetic field immediately above the line-tying lower boundary, i.e., at the grid level two corresponding to 4.745 Mm above photosphere. Hudson et al. (2008) quantitatively assessed the force on the solar surface and interior resulting from the coronal field evolution required to release energy, and made the prediction that after flares, the photospheric magnetic fields become more horizontal. The basic reason for this is that the release of magnetic energy leads to an implosion of the magnetic field. Given a change of the magnetic field just above the photosphere δB, they estimate the change in Lorentz force per unit area acting on the photosphere as follows:
CALCULATION OF LORENTZ FORCE CHANGE
It was further exploited by Fisher et al. (2010) , based on Newton's third law, that the upward momentum of CME should be balanced by a downward momentum so the fields in the surface are pushed to become flat. Similar to what was presented by Hudson et al. (2008) , the Lorentz force integrated over the strong magnetic field area acting on the surface is downward, which has to be the same as the upward Lorentz force to accelerate CME. In this Letter, we calculate the change of Lorentz force by integrating the δf z over an area around the flaring PIL, as suggested by Fisher et al. (2010) .
RESULTS

The Change of Magnetic Field Associated with X3.4 Flare of 2006 December 13
For the X3.4 event, Figure 1 compares the sunspot structures before and after the flare. The brightened/darkened areas in the difference image obtained by subtracting the pre-flare state from the post-flare state in Hinode G band (bottom panel in the left column) represent the decayed/enhanced penumbral regions. The dashed box marks a region where neither decay nor enhancement occurred. The two right panels show the temporal evolution of the mean G-band intensity in the decayed area (top) and in the enhanced area (bottom) during a 3.5 hr time period around the flare. We see that the G-band intensity in the control region fluctuates and shows no obvious changes after the flare, while the G-band intensity in the decayed/enhanced region increases/decreases significantly after the flare.
After aligning the G-band images with the corresponding spectropolarimeter (SP) vector magnetograms, we are able to study the changes of the photospheric magnetic parameters in the decayed and enhanced penumbral areas. Figure 2 compares the pre-flare and the post-flare distributions of magnetic inclination angle θ (θ = tan
, horizontal field strength in the decayed region (top row), the enhanced region (middle row), and the control region (bottom row). The mean values of these parameters before and after the flare are indicated by the vertical green and orange lines, respectively. The 95% confidence interval of each parameter is shown in the corresponding panel.
Evidently we see that the inclination angle increases by ∼ 3.
• 3 after the flare in the decayed region, and decreases by ∼ 5
• in the enhanced region. The horizontal magnetic field strength within the centered enhanced region increased by 20% after the flare, meanwhile falls by 16% in the peripheral decayed region. In the control region, there is no distinct change in both magnetic inclination angle and the horizontal field strength.
We further compare the height variations of the magnetic inclination angle calculated in the pre-and post-flare 3D NLFF fields. Figure 3 shows the magnetic inclination angle in the decayed (top), enhanced (middle), and control (bottom) regions as a function of altitude for the two time bins, 20:30-21:33 UT on 2006 December 12 (before the flare) and 4:30-5:36 UT on 2006 December 13 (after the flare). The decayed, enhanced, and control regions are mapped upward from the surface to higher altitudes vertically. We note that from the photosphere boundary to an altitude of ∼40 Mm, the magnetic inclination angle in the decayed region increases after the flare. In the enhanced region, the angle deceases in all levels. The altitude variation of magnetic inclination angle θ of the potential field is also plotted in Figure 3 as a reference. Beyond ∼70 Mm, the field of both decayed and enhanced regions approach the potential state. The assumed line-tying lower boundary condition in the simulation implies the same potential field configuration before and after the flare. Note that as the observed light-of-sight (LOS) magnetogram changes, there is usually a corresponding change in the 3D potential field. We postulate that the change of potential field is contributed by gradual evolution of the active region during the 8 hr time gap between Hinode/SP observations. Furthermore, the difference in θ between the NLFF field and the potential field is more obvious in the enhanced region in comparison with the decayed region, suggesting that the result of the enhanced region is more meaningful. This is also consistent with observation and simulation to be described later: the field change is more evident in the enhanced region than the decayed region.
Result of MHD Simulation
As a comparison, we analyzed the data of the MHD simulation. Note that here the simulation assumes an idealized configuration of an arched coronal flux rope driven into a pre-existing coronal arcade field. It is not a direct modeling of the observed event and it does not use the actual observed photospheric magnetic field as the lower boundary driving condition. Instead, the simulation gives a general description of the characteristic magnetic field changes resulting from the ejection of a linetied coronal flux rope previously confined in equilibrium. In Figure 4 , the left two columns compare the magnetic horizontal field and the LOS field taken before and after the eruption in the second layer of the grid along r, which is about 4.745 Mm above the solar surface. The blue boxes indicate the enhanced areas after the eruption, corresponding to the darkening inner penumbra, whereas the red boxes correspond to the outer decaying penumbra. The right panels (from top to bottom) show respectively the time profile of the magnetic inclination angle, the horizontal field strength, and the change of Lorentz force comparing to t = 150 (the unit for time is τ = 356.8 s). The dashed lines indicate the flaring time. It is evident that the inclination angle increases and the B h decreases after the flare in the outer decayed region, while the inclination angle decreases and the B h increases at flaring neutral line. The sudden enhancement of the downward Lorentz force after the flare, which indicates the back reaction on the photosphere and solar interior due to releasing of flare energy, is consistent with the prediction by Hudson et al. (2008) .
Recently, Petrie & Sudol (2010) estimated the size of Lorentz force change only using the longitudinal photospheric magnetic measurements. They found that the changed force is associated more with decreases than increases in the longitudinal field. They also found a more tilted photospheric field after the flare. Since our simulated magnetic fields are about one order of magnitude weaker than the real solar data, the Lorentz force change derived from the simulated data should be two orders of magnitude smaller than that derived from the real solar data. We conclude that the magnitude order of force changes is ∼10 22 dyne, which is comparable to the force change predicted by Hudson et al. (2008) to power a subsurface seismic wave. Figure 5 shows the average magnetic inclination angle in the decayed and enhanced areas as a function of altitude for two time points (before and after the eruption). The decayed and the enhanced regions are extended radially from the line-tied lower boundary to the upper atmosphere. The average magnetic inclination angle at various altitudes was averaging over an area. In the enhanced area, the magnetic inclination angle decreases in all heights after the flare. Meanwhile, the angle in the decayed area increases after the flare from the photosphere boundary to 60 Mm. Beyond 60 Mm, we see a decrease in the decayed region. The observed data presented in Section 4.1 manifests a similar trend of changes along altitude in both decayed and enhanced areas after the flare.
SUMMARY
We investigate the flare-associated changes of the magnetic inclination angle, the horizontal magnetic field strength, and the Lorentz force. After the flare, both the observation and the simulation show: (1) an increase in the magnetic inclination angle in the decayed peripheral penumbra and a decrease in the magnetic inclination angle in the central area close to the flaring PIL; (2) an enhancement in the horizontal magnetic field near the flaring PIL; and (3) an enhancement of the downward Lorentz force. All these results are consistent with the prediction by Hudson et al. (2008) . These changes are natural consequences of the lift-off of the pre-existing coronal flux rope, and the subsequent implosion of the magnetic field with the inward collapsing of the post-reconnection loops above the PIL. Moore et al. (2001) proposed the tether-cutting model to explain the onset of flares and subsequent eruptions. In this reconnection model, a short and flat loop forms near the photosphere after the eruption. The expected change of magnetic field from this model is also consistent with the enhanced horizontal field near the flaring PIL as obtained from our observation and simulation results.
In addition, note that the spacing of the grid points in the simulation caused a gap in the simulated magnetic field at the photosphere. Although we employed simulated magnetic field at the level two, which is just above the line-tied bottom boundary, the height of the level two field is 4.745 Mm, indicating that it is at the low corona. The field strength there is low, as is the calculated Lorentz force.
